We examine the emergence of InterContinental Transport (ICT) of air pollution on the agendas of the air quality and climate communities, and consider the potential for a new treaty on hemispheric air pollution. Intercontinental Transport is the flow of air pollutants from a source continent (e.g. North America) to a receptor continent (e.g. Europe). ICT of air pollutants occurs through two mechanisms: (1) episodic advection, and (2) by increasing the global background which enhances surface concentrations. We outline the current scientific evidence for ICT of aerosols and ozone, both of which contribute to air pollution and radiative forcing. The growing body of scientific evidence for ICT suggests that a hemispheric scale treaty to reduce air pollutant concentrations may be appropriate to address climate and air quality concerns simultaneously. Such a treaty could pave the way for future climate agreements. *
Introduction
Past observations and modeling studies have established that one nation's pollutant emissions may affect the air quality of downwind regions, e.g. (1, 2, 3) . The late 1990's, however, brought a renewed focus on the potential role of air pollution transport between continents and its implications for air pollution mitigation efforts through traditional domestic controls. Awareness has grown in the climate, air quality, and policy communities that air pollutants are both transported on a hemispheric scale and climatically important. Here we examine the emergence of InterContinental Transport (ICT) of air pollution on the agendas of the air quality and climate communities, and consider the potential for a new treaty on hemispheric air pollution.
Observations provide a clear indication that pollution emitted at the surface on one continent can contribute to ground-level pollution on downwind continents. Modeling studies of this intercontinental flow of pollutants suggest that it may be appropriate to manage air quality on a hemispheric scale. A treaty such as the 1979 Convention on Long-Range Transboundary Air Pollution (LRTAP) offers one mechanism to manage this air pollution transport between countries. If such a treaty were used to regulate noncarbon dioxide (CO 2 ) greenhouse gases and black carbon along with other species of interest for health and agriculture, it could pave the way for future CO 2 regulations.
Research on ICT is an ongoing example of feedbacks between scientific knowledge and policy awareness in which the science and policy communities influence one another.
Atmospheric chemistry and climate researchers have convened in workshops to address the scientific questions of hemispheric air pollution transport, and evaluate the growing evidence for ICT from both measurement and modeling studies. These workshops, outlined in Tables 1a and 1b , are influencing the policy community, raising awareness of the issues and increasing the priority of research funding for global scale air pollution research. To improve this process, both the science and policy communities should create opportunities to foster the interaction needed for both communities to make progress in this area. This paper is intended to introduce the recent scientific evidence for intercontinental air pollution to the policy community, with a particular emphasis on ozone (O 3 ) and aerosols, and to suggest the policy applications of this evidence to the scientific community. As such, we do not offer here a detailed treatment of the policy issues surrounding intercontinental air pollution transport. Rather, we highlight the opportunity for joint advancement of science and policy developments related to ICT.
Evidence for Intercontinental Transport of Air Pollution

2a) Overview
InterContinental Transport (ICT) is the flow of air pollutants from a source continent (e.g. North America) to a receptor continent (e.g. Europe), schematically shown in Figure   1 . Here, we outline recent advances in our understanding of ICT from analyses of observations and models, and discuss whether the evidence indicates that a global air pollution treaty could be supported by the science to date.
The distance over which ICT occurs is highly dependent upon meteorological conditions (e.g. wind speed, precipitation, frontal activity) and the properties of the pollutant itself (e.g. solubility, reactivity). Pollutants transported in the free troposphere will typically be carried further and faster than pollutants in the boundary layer due to stronger winds and fewer loss mechanisms. ICT of air pollutants occurs through two mechanisms: (1) episodic advection, and (2) by increasing the global background which enhances surface concentrations. We focus here on aerosols and O 3 to illustrate these mechanisms. Aerosols, small particles suspended in the air, may be comprised of a range of different components, including black carbon (BC), organic carbon (OC), soil dust, sea salt, sulfate, and/or nitrate. The make-up of an aerosol is determined by its emission source as well as chemical reactions within the atmosphere. Directly emitted ("primary") aerosols are released by fossil fuel burning (BC and OC), biomass burning (BC and OC), wave breaking (sea salt), and wind-erosion (mineral dust). Aerosols may also be produced by heterogeneous chemical reactions ("secondary aerosols"). Precursors to secondary aerosols include non-methane hydrocarbons (NMVOC), sulfur dioxide (SO 2 ), and nitrogen oxides (NO x ). Aerosols can be washed out of the atmosphere during precipitation events or be produced from secondary oxidation in transit. It is difficult to discern ICT influence on O 3 measurements since detection at the receptor continent reflects the source region, chemical transformations, mixing with other air parcels, and removal processes that may have occurred during transport. Observationbased studies of O 3, its precursors, and other tracers of continental emissions provide useful information on background levels, as well as evidence of intercontinental influence on these concentrations (18, 19, 13, 20, 21, 2) . In fact, O 3 observations at mountain sites in Europe indicate that human activities over the past century have at least doubled tropospheric O 3 concentrations (22) .
While these results suggest a problem of potential concern to domestic air quality in the U.S. and Europe, as well as a global concern about Arctic haze, the observational evidence alone is not sufficient to determine source attribution. Such a determination would be an important precursor to emissions-limiting agreements. Although aerosol composition can be used to identify remote sources, the events with the most impactAsian dust storms and Canadian forest fires -are not subject to direct controls. The evidence for direct ICT of pollution from Asia to North America is limited, and from North America to Europe, inconclusive. However, when observations are considered in concert with simulations from computer models of ICT, the possible benefits of regulation may be assessed. In addition to quantifying the magnitude of ICT transport of O 3 as summarized in Table   2b , recent global modeling studies have advanced the understanding of the mechanisms for episodic ICT transport, emphasizing that the balance between the various meteorological and chemical processes governing ICT of pollution varies considerably with season and region, e.g. (25) . Lagrangian particle dispersion models have also been used to identify the various pathways and timescales by which pollution from each continent is exported, e.g. (15) .
Global modeling studies have shown that Asian pollution can be exported in the boundary layer (strongest at 30-45ºN) and to the free troposphere by convection or by orographic forcing (26, 27) . Maximum ICT of Asian pollution tends to occur in spring when cold fronts sweep across eastern Asia, venting pollutants to the lower free troposphere where they are transported across the Pacific before subsiding to the surface over North America (see Figure 2) (28, 26, 15, 27, 29) . The importance of transport by this warm conveyor belt mechanism was recently confirmed by extensive sampling during the TRACE-P aircraft mission off the Asian Pacific rim (30) . The monsoon system largely controls the seasonal variability in the mechanisms for pollution transport in Asia, e.g. (31, 27) .
Warm conveyor belts also carry pollution from the U.S. boundary layer to the upper troposphere over Europe (25, 32) . Global modeling studies have shown that another important pathway for ICT of pollution from North America to Europe is direct advection of pollution across the Atlantic in the boundary layer (25, 24) . Pollution from the United States is also lofted to the free troposphere by deep convection, particularly in summer over the southeastern and central states (33, 25) .
Export of pollutants from Europe is of greatest concern for the control of haze in the Arctic (15, and references therein). Boundary layer advection is the typical pathway for export of European pollution, which predominantly flows north to the Arctic. Unlike North America and Asia, Europe lacks downwind storm tracks and the associated warm conveyor belts that efficiently transport pollutants from Asia to North America, and from North America to Europe. Maximum European pollution influence on Asia occurs in winter and spring when pollution is transported around the Siberian anticyclone typically in the boundary layer (27, 29, 34) .
Air Pollution Impacts on Climate
The case for controlling non-CO 2 greenhouse gases and BC aerosol (soot) was first presented by Hansen et al. (35) . They argue that CO 2 accounts for less than half of the current radiative forcing, and that a control strategy focused on CH 4 , CFCs, O 3 , and BC aerosols could offer a more tractable, short-term solution to slowing global warming.
Although CH 4 is not currently regulated as an air pollutant, its role in controlling background O 3 in surface air (36) suggests that policies to reduce methane emissions may be appropriate under an air pollution agreement.
The influence of aerosols on climate is an active area of research, as large uncertainties remain in quantifying the distribution and sources of all species. Identifying specific aerosol components is critical to link particulate matter pollution with climate goals. The sign of radiative forcing by aerosols is highly dependent upon chemical composition.
Sulfate aerosol, the product of SO 2 emissions, exerts a negative radiative forcing, whereas BC is an important warming constituent. All aerosol types contribute "indirect" forcing to the climate by serving as nuclei for cloud condensation, but the reflectivity of the resulting clouds depends in part on the type of aerosols around which they formed.
Because it would build on nations' domestic goals of improving air quality and reduce greenhouse forcing species simultaneously, a hemispheric treaty aimed at reducing intercontinental air pollution transport may serve as a precursor to climate commitments by the U.S., China, and other major emitters in opposition of the current Kyoto Protocol.
Hansen et al. (35) acknowledge the political benefits of their alternative scenario noting, "[A] focus on air pollution has practical benefits that unite the interests of developed and developing countries." Further, they note that for ambitious emission reduction policies, such as those needed to control methane emissions, "global implementation of appropriate practices requires international cooperation" (35) . While adoption of this alternative scenario (or a similar strategy) would present challenges to the international science and policy communities, the control of air pollution to meet climate goals offers a politically attractive approach to reduce greenhouse warming in the short term.
Regulation could take shape without immediate reform of the domestic or international energy economy. Further, energy savings implemented to achieve air quality goals could have the win/win affect of reducing CO 2 emissions as well.
Coordinating Global Air Quality and Climate Decision-Making
In this section, we sketch out a potential coordinated air quality and climate management regime. While a detailed analysis of such a framework is beyond the scope of this paper, we feel it is not too soon to begin dialogue on the possibilities for a hemispheric treaty addressing intercontinental air pollution transport and its impacts.
A global air pollution treaty would primarily pertain to countries in the mid-latitude northern hemisphere, where dominant winds from the west produce a northern midlatitude pollution belt that traverses the entire extratropical northern hemisphere ( Figures   1 and 2 ). Agreement may be facilitated as each country stands to benefit from upstream emission reductions. However, some countries will likely benefit more than others.
Because benefits from emissions reduction will be distributed unevenly, assigning specific emission reduction targets is not a straightforward task. A quantitative policy assessment would identify international air quality objectives and estimate intercontinental source-receptor relationships. A range of implementation mechanisms, such as uniform emission reduction guidelines or emission permit trading, would be evaluated, and each potential mechanism would be weighed in terms of ability to meet air quality objectives, cost, and political feasibility. Informed policy cannot move forward without quantitative policy analysis. However, often such analysis follows the emergence of an environmental issue on the political agenda. We intend here to place emerging scientific issues in a policy context, and consider an overall structure that may be appropriate for an ICT treaty.
In considering the structure of a global air quality accord, an obvious starting point is the LRTAP Convention, which was initially drafted to address transboundary acid deposition in Europe. It has since been amended to cover a broad range of pollutants (see Table 3) and participants include countries from both Western and Eastern Europe, as well as the United States and Canada. Broadly described, LRTAP is based on voluntary compliance with emission limits, alongside ongoing reporting of emissions and ambient pollution concentrations (37) .
The treaty fulfilled expectations of environmental protection primarily through indirect mechanisms. It put acidification on the national agendas of member countries; it increased national capacities for environmental science; and it provided a forum for ongoing regional negotiation, thus increasing political stability and encouraging stronger national emission reduction policies (37) . Recent LRTAP protocols, particularly the Second Sulfur Protocol and the Gothenburg Protocol, were shaped by least-cost analyses from integrated assessment models, especially the RAINS model (38, 39) .
The key strength today of LRTAP is its broad geographic scope, including non-EU parties and stretching across the Atlantic. As such, LRTAP is well poised to be a template for a flexible ICT treaty. As a European/North American treaty alone, however, LRTAP faces an uncertain future without some sort of incorporation into a larger scale accord.
Where the treaty fulfilled multiple political and environmental objectives throughout the 1980's and early 90's, its duties are becoming partially redundant with the environmental directives of the European Union (EU), which include enforcement mechanisms.
Although the U.S. is currently party to LRTAP, it would have a greater incentive to participate in an agreement promoting emissions reductions in developing Asia, especially China. Heightened concern for pollution inflow from Asia is one major policy outcome of the emerging science-policy dialogue on intercontinental air pollution transport. China and other Asian countries may view the accord as a means of gaining international recognition for pollution emissions reductions already underway or planned, following the example of past sulfur dioxide emission reductions in China. China is already taking active steps to reduce domestic air pollution, e.g. (40) , and SO 2 emissions in China have been declining through the late 1990's (41, 42) . SO 2 exerts a cooling influence on the climate, so its regulation to date does not directly support the climate incentives of a potential treaty, however, the trends exhibited in SO 2 emission reduction suggest that China may be open to other policies to reduce local pollution impacts.
Given that the pollutant emissions fulfill domestic priorities in China and other Asian countries, leveraging these reductions to bolster national image could be a powerful incentive. It has been argued that the desire to project a favorable international image is a very real factor in determining a country's negotiating position (termed "tote board diplomacy" (37) . A cooperative structure arguably has the greatest chance of success if it enhances China's national image, and offers all parties an opportunity to pursue their environmental objectives.
Research on intercontinental transport of air pollution in the northern hemisphere has recently been advanced by both the atmospheric chemistry and climate communities.
Overlapping interests in the science and policy communities on ICT are reflected in recent conference participation, new directions in ICT research, and science funding patterns. The convergence of interest around ICT of air pollution by these traditionally separate communities suggests that it is not too soon to discuss whether a new hemispheric treaty is appropriate for jointly managing air quality and greenhouse warming.
If a hemispheric or global air pollution treaty addressing pollutants contributing to ICT were implemented on a step-by-step basis, it could capitalize on characteristics contributing to the success of the trans-Atlantic LRTAP treaty. Initial efforts should be directed toward pollutants such as BC aerosols and O 3 which pose risks for health on local and regional scales, while contributing to large-scale climate forcing. As subsequent pollutants are regulated under such a framework, CO 2 could be addressed in a consistent manner. Thus, we suggest that multi-lateral air pollution regulation could pave the way for successful efforts to mitigate global climate change.
The momentum for growing interest in the connections between air quality and climate interest in ICT may be attributed in part to feedbacks between the science and policy communities: the science community directs more research to hot questions needing further investigation; the policy community directs more funds to science identified as policy-relevant. Just as research output may be characterized as policy-relevant, the intersecting policy is often science-relevant. Advances in each field contribute to the evolution of the other. Within an ongoing science-policy framework, these feedbacks have been termed dependable dynamism (43) , as exemplified by the interplay between science and policy during recent protocols to LRTAP.
Interactions among sectors of the scientific community and the policy stakeholders encourage developments within and across the separate disciplines. As such, we suggest that patterns of interdisciplinary exchange and agenda setting in ICT should be encouraged. An understanding of hemispheric air pollution and the consequences of its regulation will benefit by the continued interactions of the policy and science communities. Information on signatories and ratification current as of 6/23/03 (4). Boundary layer advection is an important mechanism for trans-Atlantic ICT, and the primary mechanism for Europe-to-Asia pollution transport. 
